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Abstract

Neutron diffraction and reflectivity experiments performed on a number of magnetic semiconductor superlattices (SL), in search for
interlayer coupling, are presented. Antiferromagnetic (AFM) EuTe/PbTe SL's and ferromagnetic (FM) EuS-based multilayers, with narrow-
gap semiconductor (PbS) as well as insulating (YbSe) diamagnetic spacers, were studied. Pronounced interlayer magnetic correlations ha
been revealed in EuTe/PbTe by neutron diffraction. In the FM multilayers it was proven by neutron diffraction and reflectivity experiments
that consecutive EuS layers are antiferromagnetically coupled. The strength of the AFM IC in EuS-based systems, determined by neutro
reflectivity measurements in applied magnetic fields, was compared with the predictions of a tight-binding model. The results of theoretical
calculations have been found to be in good qualitative agreement with the experimental data. Finally, the in-plane anisotropy and the in:
plane magnetic domain population were studied by polarized neutron reflectivity. It was established that the preferred orientation of domair
magnetization in each system coincides with one of the two possible in-plane easy axes: namely, with [2 1 0] in EuS/PbS, and with [1 1 0] in
EuS/YbSe.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction mechanism of interlayer coupling such as the RKKY model,
the free-electron model, and several others. The most com-
In the last 15 years magnetic multilayered systems and plete theory unifying all previous approaches has been con-
the giant magnetoresistance resulting from interlayer cou- structed by Brunb]. However, neither interlayer coupling in
pling have been receiving considerable interest in both ap- systems composed of two nonmetallic materials, nor mecha-
plied and fundamental scientific research. Interlayer cou- nisms that might give rise to coupling between antiferromag-
pling (IC) in multilayers and superlattices (SL's) has been netic layers have been considered in these works.
observed in a wide variety of structures composed of metal-  Yet, neutron diffraction data for three different SL systems
lic ferromagnetic (FM) layers alternating with nonmagnetic composed of AFM and nonmagnetic semiconducting mate-
metallic spacer layef4,2], as well as nonmetallic on§3,4]. rials, reported in the mid-ninetid6—10], revealed the exis-
Those observations stimulated extensive theoretical studiegence of pronounced interlayer correlations between the AFM
that have resulted in a number of different models for the blocks. More recently, coupling between FM-semiconductor
layers has been found in EuS/PbS and EuS/YbSe SL’s
[11,12] In these all-semiconductor systems, the carrier con-
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interactions; moreover, in the case of antiferromagnetic magnetwith anarrow band gaf{ = 0.3 eV); its carrier con-
EuTe/PbTe, MnTe/ZnTe, and MnTe/CdTe SL's, the AFM lay- centration is typically of the order of $0to 108 cm=3. YbSe
ers do not carry a net magnetic moment. Thus, the two mainis a wide gap semiconductor with an energy gap= 1.6 eV,
ingredients which were believed to play a crucial role in in- being semiinsulating at low temperatures. The multilayers
terlayer coupling — mobile carriers and layer magnetization — were grown epitaxially on monocrystalline KCI (00 1) sub-
are absent in these cases. These results have clearly demorstrates covered with a several hundred angstroms thick PbS
strated that the magnetic interlayer coupling is not restricted buffer layer. An electron beam was used for EuS evaporation,
to structures containing FM metallic components. and standard resistive heating for PbS evaporation. The qual-
In this paper we present a review of experimental neutron ity of the SL's was examined by X-ray and neutron diffrac-
diffraction and reflectivity studies of Eu chalcogenide based tion. Detailed studies of the growth and magnetic properties
all-semiconductor superlattices. In Sectibwe describe the  of EuS/PbS multilayers with thick PbS spacers (magnetically
systems investigated, the sample preparation methods, andlecoupled case) have been reported in Réi.
the experimental neutron scattering techniques employed in  All neutron scattering experiments described in this re-
our research. In Sectid®) the results of neutron diffraction  view were performed at the NIST Center for Neutron Re-
studies of EuTe/PbTe, a SL system with antiferromagnetic search. For diffraction studies of the EuTe/PbTe systems,
layers, are presented. Studies of two ferromagnetic systemsBT-2 and BT-9 triple-axis spectrometers were used. The in-
EuS/PbS and EuS/YbSe, are reviewed in Secdardd 5the struments were set to elastic diffraction mode, with a pyrolitic
former section is focused on experimental observations of in- graphite (PG) monochromator and analyzer, and a5 cm PG
terlayer correlation effects and a theoretical model developedfilter in the incident beam. In most measurements the wave-
in the context of these studies, whereas the latter section dedength used was = 2.35A and the angular collimation was
scribes polarized neutron reflectometry investigations of the 40 min of arc throughout. Additionally, a number of diffrac-
domain structure and in-plane magnetic anisotropy in the EuStion experiments were carried out on the NG-1 reflectometer
layers in the two systems. operated at neutron wavelength= 4.75A. The latter in-
strument yielded high intensity, high resolution spectra with
a negligible instrumental broadening of the SL diffraction
2. Samples and experimental techniques lines.
Neutron reflectivity measurements on the FM systems
Bulk EuTe is a classical Heisenberg antiferromagnet with EuS/PbS and EuS/YbSe were carried out on the NG-1 reflec-
a Neel temperaturdy = 9.6 K [13]. It crystallizes in the tometer using both unpolarized and polarized neutron beams.
NaCl structure witl = 6.598A, its magnetic structureisthe  All the magnetic neutron scattering patterns reported here
Type Il AFM ordering in which the spins are ferromagneti- have been measured at 4.3K.
cally arranged in (1 1 1)-type lattice planes, and the neighbor-
ing planes are coupled antiferromagnetically to one another
[14]. 3. Interlayer spin correlations in EuTe/PbTe
Electrically, EuTe is a wide gap<(2.5eV) semiconduc-  superlattices
tor with the 4f levels situated about 2 eV below the conduc-
tion band edg413]. The diamagnetic constituent, PbTe, is Magnetic neutron diffraction is a powerful experimental
a narrow gap-¢ 0.19 eV) semiconductor, which also crys- tool capable of revealing the interlayer spin correlations in
tallizes in the NaCl structure and has a bulk lattice constant the case of AFM/nonmagnetic multilayers. The principle of
of 6.462A. This yields a close lattice-match to EuTe, with a the method is illustrated iRig. 1
mismatch of only 2.1% in the lattice constants. A single broad maximum produced by a multilayer struc-
The EuTe/PbTe SL samples were grown by molecular ture indicates the lack of coherence between the waves scat-
beam epitaxy on (11 1) oriented Basubstrates as described tered by successive layers, meaning that the spin alignments
indetailin Ref[15]. Different[(EuTe), |(PbTe),] y SL stacks in these layers are not correlated. Such a pattern is observed
with m(varying from 2 to 10) monolayers of EuTe alternating for the specimens with the highest (20 or more monolay-
with n (from 5 to 30) monolayers of PbTe, were deposited on ers) PbTe spacer thicknessépifre. However, asippte de-
1-3um PbTe buffer layers. The SL bilayer repetition number creases, the character of the AFM reflections dramatically
N ranged typically from 300 to 400. The electron concentra- changes. As exemplified iRig. 2 for thinner PbTe layers,
tion in the PbTe layers was 10" cm~3, i.e., many orders  a distinct pattern of narrower satellite peaks then emerges
of magnitude lower than in metals, and the EuTe layers were at regular intervalsA O, corresponding to the SL period-
semiinsulating. icity. This clearly indicates the formation of magnetic in-
EuS, PbS, and YbSe are semiconducting materials whichterlayer correlations across the PbTe spacersdpgie be-
also crystallize in the rocksalt structure. All of them are low ~ 60A these magnetic satellites become the dominant
very well lattice-matched with a lattice constant mismatch part of the spectrum, the smaller the separation between
of about 0.5%. EuS is a well-known nonmetallic (semiinsu- EuTe layers the sharper and better resolved the SL satellite
lating) Heisenberg ferromagnét{ = 16.6 K). PbS is a dia- peaks.
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P thicknessdppTe reflects the dependence of the interaction
) N K/\? strength orlppTe It should be noted that for FM/nonmagnetic

N 3 SLs discussed in the next section, itis possible to directly de-
=y AY { =y termine the strength of the interlayer coupling by performing
& L:ﬁ‘ %‘ |5 neutron scattering measurements in applied magnetic field.
< PN c
s Uy £
5 g dlgghey, 'AW:;\\ i T - - -

(@ Q (rec. lat, units) l@ h (b) Q (rec. Iat. units) 4. Exchange interlayer coupling in ferromagnetic

O EuS/PbS and EuS/YbSe superlattices

The wide-angle diffraction techniques, which proved so

Fig. 1. Possible spin configurations in EuTe/PbTe SL's. (a) Correlated SL; successful in the studies of AFM/nonmagnetic SL’s, canalso
monolayer magnetization directions in consecutive EuTe layers change in abe used for investigating FM/nonmagnetic SL's. However, in
regular fashion. Such an arrangement produces a diffraction pattern with athe latter case the measurements are much more challenging
n_umb_er of_ narrow frin_ges. (b) Uncorrelated SL; monolaygr mggnetiza_tion because of the proximity (in reciprocal space) of the mag-
directionsin con_secun've EuTe_Iayers change randomly, giving rise to a single netic SL Scattering to the very strong Bragg Scattering from
broad neutron diffraction maximum. ; . .

the substrate and the buffer layer (in contrast, in antiferro-
magnets like EuTe, the magnetic Bragg scattering is located
halfway between the structural diffraction maxima, so there
is essentially no interference from the nuclear Bragg scatter-
ing from the substrate and that from the SL system itself).
The measurements can be carried out in two different modes.

type” AFM layers, i.e., one in which the spins comprising a One, in reflection geometry, is usually referred to as a ‘lon-
given magnetic monolayer may take only an “up” or “down” gitudinal scan’, and the other in transmission geometry, as a

orientation. If the layers in the SL structure are numbered Fansverse scan’ (see the diagrantig. 4). o
i=1,2,3,....N, then in any pair of of adjacent layers Examples of diffraction patterns obtained in longitudinal

i,i + 1, the monolayer magnetization sequence may be ei-SCans are presented kig. Xa) and (c) for wo EUS/PbS

ther identical, or reversed corresponding, respectively to a SL'S With different periodicity. In the scans performed above
“layerlayer correlation factor” of +1, or 1. Thep parame-  Lc = 185K, only a nuclear SL Bragg peak superimposed
ter in the model is the mean value of these correlation factors " the tail of the very strong KCl-substrate (00 2) reflection

for all N — 1 layer pairs in the SL structure. As shown in i

is seen. Below the Curie temperature the intensity on either
the Appendix in Ref[17], this model leads to the following side of the SL nuclear peak visibly increases due to additional
expression for the magnetic diffraction intensity :

magnetic scattering. The purely magnetic contribution to the
diffracted intensity, obtained as a difference of the scans be-
5 —p? low and aboveTlc, is shown inFig. 5b) and (d). Only one
1(Q:) o 1FBL(Q:)I" 2p c0S(Q.D) + p? @) magnetic SL peak is shown in the plots. The other one, lo-
: cated symmetrically with respect to the structural SL peak,
whereD is the SL period an¢lFs (Q.)|? is the SL magnetic  disappears under the tail of the overwhelmingly stronger KCL
structure factor. (00 2) substrate peak.

The results of the least-square fits of the Eb.to the The troublesome interference from the substrate reflection
experimentally determined diffraction patterns, displayed in can be reduced by performing transverse scans as can be seen
Fig. 2by solid lines, show that the above equation describes in Fig. 6. Here too, measurements below and abfiyavere
the observed spectrum shapes very well indeed. The corre<carried out to separate the magnetic contribution to the scat-
lation parameter values obtained from the fits are also listedtering. From the positions of the magnetic peaks in reciprocal
in each figure panel. As can be seerFig. 3the decrease  space, it can be inferred that the magnetization vectors in the
of the correlation paramet@rwith the nonmagnetic spacer adjacent EuS layers are aligned in opposite directions, thus
thicknessdppTeis approximately exponential. The solid line  clearly pointing to AFM interlayer coupling in these SL's.
represents the fit of the exponential function to the points, = Neutron reflectometry appears to be a far superior tool
some of them being scattered about the line, possibly due tofor investigating the interlayer coupling in SL's composed
the fluctuations of the PbTe layer thicknesses in the samplesof FM/nonmagnetic layers than the wide-angle diffraction
investigated. method. Spontaneous magnetization of the FM layers con-

In the case of AFM/nonmagnetic superlattices, the tributes to the total neutron refraction index of the layer ma-
strength of the interlayer interactions giving rise to the inter- terial and creates large optical contrast between magnetic and
layer spin correlations cannot be measured directly in neutronnonmagnetic layers, which in turn leads to a relatively high
diffraction experiments. However, it is certainly a reasonable intensity of magnetically scattered neutrons. Moreover, the
assumption that the behavior of the paramptarsus spacer  reflectivity data are collected only from the region of small

To describe the observed shapes of the AFM diffraction
patterns the possibility of partial correlations had to be con-
sidered. In order to describe such correlation in a quantitative
manner, a parameter(|p| < 1) is introduced. Its definition
is based on a somewhat simplified model of a SL with “Ising-
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Fig. 2. Magnetic diffraction patterns from several EuTe/PbTe SL samples. The solid curves are fit€lpt&the data points. The fitted values of the partial
correlation coefficienp for each pattern are shown in the figure.

Q-vectors where there are no interfering Bragg reflections alignment of the magnetization of EuS layers; thus the AFM
from the crystal structure. peak disappears while the intensity of the FM peak at the
Fig. 7 shows typical reflectivity profiles obtained for structural position increases (deig. 7). As discussed below

EuS/PbS and EuS/YbSe samples. In zero applied magnetidn closer detail, thorough investigation of the AFM peak be-
field, pronounced peaks at th@, position corresponding  havior in a varying applied magnetic field can be used for
to twice the chemical SL periodicity were observed in both extracting information about the strength of the interlayer
systems. Again, these maxima are clear indication of the coupling.

AFM alignment of the magnetizations in successive EuS lay-  The results of the field dependence studies of the AFM
ers. Measurements above and below the Curie temperaturgeak in the neutron reflectivity profile are shownFig. 8

Tc = 185+ 0.5K (22 and 4.3 K, respectively) were takenin and inFig. 9 for the EuS/PbS and EuS/YbSe samples, re-
order to distinguish the magnetic contribution from the struc- spectively. The measurement procedure starts with the sam-
tural part. Yet another way to confirm the magnetic origin of ples in zero magnetic field. The field is gradually increased
these peaks, is to take the reflectivity profile in an in-plane until the AFM peak disappears (saturation value), and then is
magnetic field. The application of a sufficiently strong, ex- decreased back to zero. In the next step the field direction is
ternal magnetic field leads to completely parallel (saturated) reversed and its magnitude is increased to the saturation value
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and then again decreased to zero. This allows us to measure
a sort of ‘hysteresis loop’ of the AFM coupled superlattice.
All the EuS/PbS and EuS/YbSe SL samples, cooled in
Z.ero'ﬁe|d through the traDSit_ion .temperatt_ﬂexshow ini- ~ Fig. 4. Reciprocal lattice diagram showing possible scanning trajectories
tially a strong AFM peak, indicating the existence of an effi- (transverse or longitudinal) that can be used in search for neutron diffrac-
cient coupling mechanism. tion maxima arising from interlayer spin correlations in FM superlattices.

The AEM peak for the EuS/PbS sample with the thinnest Also shown are (not to-scale) the positions of the corresponding nuclear
PbS spacer (4,&) is recoverable. The removal of the external and magnetic SL reciprocal lattice points as well as the substrate reflection
: oints.
field leads to a nearly complete restoration of the AFM cou- P
pled state. The AFM peak of other EuS/PbS and EuS/YbSe
samples is not recoverable. The samples remain in the ferro-
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Fig. 5. (a) and (c) Neutron diffraction scans in reflection geometry (longitudinal scans) along the reciprocal lattice y@ctr)(f@r two EuS/PbS SL's taken
below and abové@c. (b) and (d) Purely magnetic scattering spectrum obtained by performing a differential scan above and below the transition temperature
for the same samples, respectively.
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Fig. 6. (a) and (c) Neutron diffraction scans in transmission geometry (transverse scans) along the reciprocal lattice:&diap {Pfor two EuS/PbS SL's
taken below and abovE:. (b) and (d) The purely magnetic contribution to the scattering obtained as a difference of the scans below and above the transition
temperature for the same samples, respectively.

magnetic configuration after the removal of the external field. by least-square fitting of the calculated peak intensities for
Further application of the magnetic field in the opposite di- different magnetic fields to the experimental data. Details of
rection leads to the partial restoration of the intensity of the the procedure are published elsewhé&®. In Figs. 8 and 9
AFM peak. From the latter it can be inferred that the antifer- the fitted AFM hysteresis curves are presented by solid lines.
romagnetic interlayer configuration could be recovered only The values ofl for EuS/PbS SL's obtained from the fits are
in a fraction of the sample. How large this fraction is de- plotted versus the PbS layer thickness-ig. 10with open
pends on the nonmagnetic spacer type (PbS or YbSe) and itsymbols.
thickness. Thus, for a sufficiently thin PbS spacerlQA, To explain the origin of the IC in systems without conduct-
seeFig. 80) one can observe a full restoration of the initial ing electrons, a model in which the exchange interactions
AFM state (in this particular example the fraction of the AFM are mediated by valence band electrons has been proposed
coupled sample is even higher than it was in the initial zero- [20-22] The model does not assume any particular interac-
field-cooled state). The degree of this restoration diminishestion mechanism, but attributes the IC to the sensitivity of the
with increase of the spacer thickness. In the case of YbSe, aSL electronic energies to the magnetic order in the magnetic
wide-gap-semiconductor spacer, the degree of restoration idayers, i.e., accounts globally for the spin dependent band
considerably lower than for a PbS layer of the same thicknessstructure effects.
(seeFig. 9). This suggests that the AFM coupling mechanism In [22] it was shown that the strength of the coupling in
in the EuS/PbS samples is considerably stronger than in theboth EuS/PbS and EuS/YbSe SL's decreases exponentially
EuS/YbSe samples with the same spacer thickness. with the nonmagnetic layer thickness ($ég. 11). We would

To analyze quantitatively the observed AFM hysteresis like to stress the following important fact emerging from the
loops a modification of the Stoner—Wohlfarth mofed] has model. As can be seen Fig. 11, for EuS layers separated
been employed. The total magnetic energy ofthe SL inthe ex-by YbSe, the decrease of the calculated IC with the spacer
ternal magnetic field, consisting of the Zeeman energy term, thickness is considerably faster than for EuS layers sepa-
the interlayer coupling energy term, and the anisotropy en- rated by PbS. In other words, the model predicts weaker and
ergy term, was minimized to obtain the magnetization vector shorter range interactions in EuS/YbSe multilayers than in
sequence in successive EuS blocks. This minimum-energythe EuS/PbS ones.
sequence was further used to calculate the magnetic structure The above model results are in good qualitative agree-
factors and, thus, the intensity of the AFM peaks. The values ment with the observations which indeed indicate weaker and
of the IC and the anisotropy constartandK, were obtained  shorter range IC in the EuS/YbSe SL's than in the EuS/PbS
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Fig. 7. Neutron reflectivity spectra for EuS/PbS @3 A) and EuS/YbSe
(44A/20A) SL's, measured below and abo%¥e in zero (filled and empty
circles, respectively) and in the saturating (triangles) magnetic fields.

If the magnetic layers in a SL system exhibit a domain
structure with small enough average domain sizgrtiLor
less), the dipolar coupling, proposed23] for metallic struc-
tures, may become quite sizable. A characteristic feature of
the dipolar coupling is a relatively weak dependence of its
strength on the spacer thickness, as it follows from formula
(9) in Ref.[23]. On the other hand, its strength depends crit-
ically on the lateral dimensions of the domains. As yet, there
is no available information on this subject, so accurate cal-
culations of the dipolar contribution to the IC in EuS-based
superlattices cannot be carried out. Assuming that all the IC
for spacer layers thicker than 25Aare ofdipolar origin, one
can calculate its strength for thinner spacers (see the dashed
line in Fig. 10 and thus subtract its contribution from the
observed IC. The filled symbols fig. 10represent the IC
strength corrected in such a manner for dipolar effects. Now,
the slope of the experimental dependence closely follows the
slope of the theoretical curve, but still the experimerdtal
values are almost an order of magnitude lower than the the-
oretical ones. The latter fact can possibly be attributed to the
weakening of IC in real SL's due to the interfacial roughness,
the theoretical calculations being performed for mathemati-
cally ideal multilayers.

Analogous reflectivity measurements in magnetic fields
carried out for the EuS/YbSe SL’s lead to the conclusion that,
in the investigated range of YbSe spacer thicknesg(}j,&),
all the observed IC is of dipolar origin. This is consistent with
the theoretical expectations of much weaker valence band
effectsin EuS/YbSe, so that the dipolar interlayer interactions
could prevail in these SL's.

The above theoretical model was also app[i&H to ex-
plain the interlayer spin correlations in the AFM EuTe/PbTe
SL’s discussed in Sectiod. Again, the IC strength versus
PbTe spacer thickness was found to follow an exponential
decrease. As noted, it was not possible to experimentally
measure the IC strength in these AFM SL’s, but the expo-
nential decay is clearly consistent with the behavior of the
correlation parametgrin samples with various PbTe spacer
thickness (se€ig. 3).

ones. A quantitative comparison of tldevalues extracted
from the neutron reflectivity experiments on EuS/PbS SL's
with the model results is presented kig. 10 For up to
dpps~ 25A, the experimental values are lower than those
obtained from calculations. Within the experimental uncer-
tainty, the data are consistent with the exponential decrease. Speculaf24] and off-speculaf25] polarized neutron re-
However, the decay is slower than predicted. For thicker flectometry (PNR) has recently been used to obtain closer
PbS layers the dependence bivith dpps visibly flattens insight into the lateral magnetic structure in thin films and
out, showing that the IC is of longer range than predicted SL's. Here, we review specular PNR studies that provide in-
by the model. The observed behavior btlearly suggest  formation about the in-plane magnetic anisotropy in the EuS
that there are two interaction components, one that decaydayers in EuS/PbS and EuS/YbSe SL's and reveal some in-
exponentially with increasing spacer thickness, and anothertriguing effects.

component that is approximately constant. Such a behavior The principles of neutron polarization analysis, laid out in

is indicative for IC arising from dipolar interactions between [26], are summarized iRig. 12 In most neutron polarization
EusS layers. Introducing those interactions into the overall pic- analysis experiments four cross sections are measured, i.e.,
ture may offer an explanation of some discrepancies between(++), (——), (+—), and (+). In the first two the spin state of

the measurements and model calculations. the neutron does not change (nonspin-flip or NSF processes)

5. Polarized neutron reflectometry and in-plane
anisotropy in EuS/PbS and EuS/YbSe superlattices
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Fig. 9. The intensity of the AFM superlattice Bragg peak for two different EuS/YbSe SL's. The lines represent the Stoner—Wohlfarth model fitting.

whereas in the last two the neutron spin is reversed (spin-flip  In order to investigate the distribution of in-plane mag-
or SF processes). netization directions of magnetic domains, and their relative
Typical polarized neutron reflectivity spectrafromthe sys- population, the sample has to be mounted with a specific crys-
tems investigated are displayedriy. 13 The structural SL  tallographic axis pointing in a given (horizontal or vertical)
Bragg maximum (purely nuclear) is seen only in the NSF direction. Then, a series of measurements have to be carried
modes showing no splitting between+) and (—) cross- out with the sample rotated about the normal to its reflecting
sections. A purely magnetic “half-order” maximum, arising surface, thus changing the parallel and perpendicular compo-
from AFM interlayer coupling, shows a pronounced asym- nents of the sample magnetization with respect to the neutron
metry in the NSF and SF intensities. This clearly indicates polarization direction.
that the in-plane domain states allowed by the four-fold crys-  The first series of such experiments was performed on
tallographic symmetry of the (00 1)EuS epitaxial layers are EuS/PbS SL sample with 4f5thick PbS spacer. This sam-
not uniformly populated. ple was found to exhibit the strongest interlayer coupling ever
observed in any EuS/PbS SL. The sample was mounted with
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the [2 1 0] axis in horizontal position. A series of measure-

ments was then carried out with the sample rotated about the

normal to its reflecting surface by20° from this position.
The results are presentedhig. 14a).

Analogous data obtained for a EuS/YbSe superlattice
mounted with the [1 0 0] in-plane axis vertical are shown in
Fig. 14b). For this orientation, all four polarized neutron re-
flectivitiesR*™, R—t, R, andR~~ are of nearly equal in-
tensity (see the panel marka@ = 0inFig. 14Db)). Thus, for
this sample the [1 1 0] and [i10] in-plane directions are the

Fig. 12. The principles of the neutron polarization analysis. Neutron spin
polarization vectoP is along the Z direction, and so is the external magnetic
field H (guide field). Vertical and horizontal atomic sg(magnetization)
components give rise to the nonspin-flip (NSF) and the spin-flip (SF) scatter-
ing, respectively. The SF scattering amplitudes WU~ are purely mag-
netic, whereas in the NSF scattering(tYU~") there is an interference of
magnetic and nuclear terms. Theand— signs describe neutron spins ‘up’
and ‘down’, respectivelyb and p denote neutron’s nuclear and magnetic
scattering amplitudes, respectively.
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Fig. 13. Polarized neutron reflectivity profiles for a EuS/YbSe,Z(ﬁZDA)
SL with the in-plane [1 1 0] axis horizontal.

sample (se€ig. 15. It can be shown, that the ratio of NSF

to SF intensities from such samples can be expressed in the

easy axes along which the magnetization vectors are alignedfollowing form:

To explain the observed effects it was assumed that the

samples consist of two types of domains with their magne-
tizations aligned along two perpendicular directions, [110]
and [11 O] in the case of the EuS/YbSe specimen, and [21 0]

Inse _ xsinf(go + Ag) + (1 — x) co(do + Ag)
Ise ~ xcoR(¢o + Ag) + (1 — x) sin?(¢o + Ae)

()

and [12 0] in the EuS/PbS sample. The area of the sample where¢ = ¢ + A¢, ¢o describes the initial sample align-

occupied by these domains §5 = xS and Sz = (1 — x)S,
respectively, where th8 is the total reflecting area of the

ment andA¢ is the angle of the sample rotation about the
normal to the surface.
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in horizontal (whem ¢ = 0) positions. 2 —
The experimentally determined values Bfsr/IsF and B
the fit of Eq.(2) to the data points are presentedHig. 16 LE B
The values of th& and¢ parameters obtained from the fits =
are also shown ifrig. 16for both samples. The broken line 0 =
shows the calculated ratio of NSF to SF intensities in the ) ’ A6 [deg]
case of a uniaxial sample (for which= 1) with the same
alignments with respect to the polarization direction. Fig. 16. NSF to SF intensity ratio as a function of the sample orientations

In bulk EuS crystal the easy axes lie along the [1 1 1]-type with respect to the neutron polarization direction for two SL specimens of
directions, whereas in the Iayered structures, due to the Shap@iﬁerent composition._ Solid lines represent Fhe fits of &) to the experi-
anisotropy, the magnetization directions are confined to the Mental data. Broken lines show NSF/SF ratios, calculated froniidfor

uniaxial samples (i.e., for = 1) with the same alignment. The fitted values
(001) growth plane of the layers. Due to the four-fold sym- ¢o reflect the actual initial sample misalignment.
metry of the (0 0 1) layer one can expect analogous symmetry
in the distribution of domain magnetization directions. The that the populations of the two types of domains are far from
neutron reflectivity measurements performed in conjunction being equal. In both investigated specimens, EuS/PbS and
with rotating the samples about the axis normal to the reflect- EuS/YbSe, more than three quarters of the magnetic material
ing surface essentially show the presence of a biaxial statevolume (76% and 79%, respectively) belongs to one type of
with 90° domains. This would be in agreement with the crys- domain. Thus, this result shows that the four-fold symmetry
tallographic symmetry of the EuS layer, apart from the fact of the EusS layers is, if not broken, then at least “weakened”
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